ABSTRACT: Organometal halide perovskites show promising features for costeffective application in photovoltaics. The material instability remains a major obstacle to broad application because of the poorly understood degradation pathways. Here, we apply simultaneous luminescence and electron microscopy on perovskites for the first time, allowing us to monitor in situ morphology evolution and optical properties upon perovskite degradation. Interestingly, morphology, photoluminescence (PL), and cathodoluminescence of perovskite samples evolve differently upon degradation driven by electron beam (e-beam) or by light. A transversal electric current generated by a scanning electron beam leads to dramatic changes in PL and tunes the energy band gaps continuously alongside film thinning. In contrast, light-induced degradation results in material decomposition to scattered particles and shows little PL spectral shifts. The differences in degradation can be ascribed to different electric currents that drive ion migration. Moreover, solution-processed perovskite cuboids show heterogeneity in stability which is likely related to crystallinity and morphology. Our results reveal the essential role of ion migration in perovskite degradation and provide potential avenues to rationally enhance the stability of perovskite materials by reducing ion migration while improving morphology and crystallinity. It is worth noting that even moderate e-beam currents (86 pA) and acceleration voltages (10 kV) readily induce significant perovskite degradation and alter their optical properties. Therefore, attention has to be paid while characterizing such materials using scanning electron microscopy or transmission electron microscopy techniques.
I
n the past few years organometal halide perovskites attracted significant research interest because of their unique physical and chemical properties that make them key components for application in cost-effective photovoltaics, 1−3 They generally possess broad absorption spectra, and the composing materials such as CH 3 NH 3 PbI 3 act as a light harvester to achieve outstanding power conversion efficiencies exceeding 20%. 1,3−5 Despite recent advances in the field demonstrating the enormous potential in energy conversion performance, a major obstacle to large-scale application lies within the inherent material instability. 6 Under ambient conditions, CH 3 NH 3 PbI 3 easily undergoes decomposition into PbI 2 , facilitated by moisture, 7 light, 8 and electrical voltages, 9 severely limiting the device lifetime. 10 Upon suppression of the degradation pathway facilitated by moisture, the device lifetime can be improved substantially making use of surface protection layers and encapsulation. 11, 12 However, the mechanisms underlying the light and electrical degradation pathways are unfortunately poorly understood, making rational strategies to further improve long-term stability of these materials challenging. 2, 6, 13 In addition, deeper insight into the interaction of light and electrons in perovskites is necessary to improve our understanding of many fundamental properties, such as their hysteresis behavior, 14 ferroelectric effects, 15 photoluminescence (PL), 16−18 cathodoluminescence (CL), 19 and ion migration. 9 In this work, we reveal the impact of ion migration inside the perovskite structure on the material degradation by light and electric currents in methylammonium lead iodide perovskites by means of integrated luminescence and electron microscopy (iLEM) ( Figure S1 ). Morphologies of polycrystalline perovskite films, as well as their PL and CL, evolve differently under light and under the electric current caused by a scanning electron beam (e-beam). The different material responses to light and the e-beam are associated with different electric currents that drive ion migration in the material. Moreover, heterogeneity of material stability is demonstrated in solutionprocessed perovskite cuboids, indicating potentials to rationally enhance stability of perovskite materials by reducing ion migration while improving crystallinity and morphology control.
Supported CH 3 NH 3 PbI 3 films were prepared on ITO-coated glass slides using the conventional one-step deposition method. 18 The resulting isolated deposits ( Figure 1a ) have a characteristic perovskite crystal structure, evident from X-ray diffraction analysis ( Figure S2 ). The deposited structures showed uniform PL emission spectra centered at 768 nm ±2 nm with a full width at half-maximum of 38 nm ± 2 nm ( Figure  S3 ). The PL intensity from the same structure reduced by a factor of 3 when the sample chamber was altered between ambient conditions and the high vacuum (10 −3 Pa) in the iLEM instrument without changes in the emission spectra ( Figures S4 and S5 ). The emission intensity changes are related to the oxygen content in the environment. 20 It is worth noting that the samples were kept under the vacuum conditions in the scanning electron microscopy (SEM) chamber throughout the experiments in this study. Without the presence of air and moisture, CH 3 NH 3 PbI 3 films take several weeks to degrade in vacuum. 21 Therefore, the vacuum-induced perovskite degradation of perovskite in the SEM chamber is negligible during the course of our experiments (less than 10 h). However, the vacuum can instantly remove low-boiling degradation products such as CH 3 NH 2 and HI from the surface. Thus, the vacuum eventually promotes light and ebeam-driven degradation of perovskite structures by preventing of recombination or reaction of degradation products at surfaces, leaving PbI 2 as residues. We first examine the influence of the e-beam on the perovskite PL. To reduce photodamages, 532 nm laser illumination of a low power density of 14 W/cm 2 was employed. The perovskite PL intensities are spatially heterogeneous in Figure 1a . Unless otherwise stated, a scanning e-beam of a 10 kV acceleration voltage, which resulted in an electric current of 86 pA through the perovskite film, was applied on sample regions of the same area (730 μm 2 ). While scanning over the sample surface, the concentrated e-beam results in a high instantaneous current density at the sample during the dwell time of 100 ns at each pixel. One frame of ebeam scanning took approximately 2.5 s, leading to an e-beam scanning repetition of about 0.4 Hz at each pixel. The scanning parameters were kept constant for all our measurements. Under the scanning e-beam, the PL displayed an immediate decrease in its intensity to become almost indiscernible in Figure 1b , implying formation of quenched species or destruction of emitting sites. 18, 22 As the e-beam scanning continued, PL at the same region recovered to approximately 20% of the initial intensity ( Figure 1c ). The altered PL by the scanning e-beam can be clearly recognized in the time trace (in red color) in Figure 1d . The inset shows the first 10 s of the time traces with and without e-beam scanning, demonstrating the abrupt drop in PL upon e-beam scanning. In contrast, other parts of the perovskite sample, where the scanning e-beam was absent, showed only a gradually decreasing PL with time (in blue in Figure 1d ).
The electric current induced by the e-beam dominates the PL recovery. We compare the PL changes by e-beams of different acceleration voltages (5, 10, and 20 kV) and currents (21, 86, 106, 208 , and 573 pA). In each measurement, the ebeam scanning was applied on a fresh sample area which was not illuminated before. In all cases, PL immediately reduces upon e-beam exposure. After abrupt drops in PL, gradually recovery in PL by extended e-beam scanning was observed under all e-beam parameters. However, the rates of PL recovery by the e-beam are different when different e-beam currents are applied. Under the same acceleration voltage of 10 kV, stronger beam currents lead to faster PL recovery, as shown in Figure  S6 . At a similar e-beam current of 86 pA, beams with acceleration voltages of 5 kV and 10 kV result in the almost identical PL recovery time trace in Figure S6 . In contrast, when the acceleration voltage is increased to 20 kV, PL recovers much more slowly, implying additional material damages by high-energy electrons. To avoid such additional damage on perovskite materials, a 10 kV acceleration voltage was applied in the rest of our experiments.
Besides changes in PL intensities, periodically appearing sharp spikes can also be observed in the time trace under the scanning e-beam in Figure 1d . The periodic spikes that synchronize with the scanning e-beam clearly demonstrate their electron-induced nature. Such electron-induced luminescence is most likely due to CL (Figures S7 and S8). It is noteworthy that the enhanced CL linearly correlates with the recovered PL intensities ( Figure S7 ). 
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Letter The e-beam did not only alter perovskite luminescence intensity but also induced a continuous spectral shift from 770 to 700 nm in the recovered PL. Figure 1e shows a PL intensity time trace of the perovskite structure under both laser illumination and e-beam scanning. The evolution of emission spectra is given in Figure 1f . After the immediate drop in PL by the e-beam, the initial recovery in PL under the continuously scanning e-beam showed an emission center at 770 nm (cyan curve in Figure 1g ), which is identical with that before the ebeam is applied (red curve in Figure 1g) . Moreover, the emission center continuously shifted to 750 nm (green curve in Figure 1g ) where the PL intensity reached a maximum. Afterward, the emission spectra continued to shift toward shorter wavelengths while the intensity further decreased. During the spectral shift, the shape and width of the emission spectra remained constant, which is different from spectra shifts due to phase transitions of the material. 23, 24 Similar spectral shifts, however, were absent without the presence of the scanning e-beam ( Figure S9 ). These observations indicate ebeam treatments as a potential method to alter the energy band gaps at room temperature in the range from 1.61 to 1.77 eV. It is worth noting that these e-beam-induced changes in luminescence properties are long-lasting even after keeping the sample in vacuum or at ambient conditions overnight, implying the chemical and structural origin.
Next, we investigate e-beam-driven structural changes in perovskite films. Figure 2a ,b shows SEM images over the same sample area before and after patterning the letter "T" using the e-beam (video S1). The drawn pattern can be revealed by contrast of SEM, white-light transmission, and topographical atomic force microscopy (AFM) images in panels b, c, and d of Figure 2 , respectively. Deep cracks of about 20 nm widths can be observed in the e-beam-treated area outlined with solid lines in Figure 2b . Due to the material instability at grain boundaries, these cracks occurred along grain boundaries ( Figure S10 ). The very local morphology change clearly reveals the structural defects induced by the e-beam. Accompanied with the morphology change, reduced light absorption after the ebeam treatment ( Figure S11 ) leads to different light transmission intensities at the e-beam-treated region and its nontreated surroundings, illustrated in Figure 2c . Furthermore, the AFM measurement reveals thinning of the perovskite film at the e-beam-treated region in Figure 2d . Figure 2e shows three height profiles along the three white solid lines in Figure  2d . The cyan profile indicates the film thickness to be 200 nm. The black and the red profiles show the heights across the lines drawn using the e-beam, confirming a thinning of about 70 nm in the film area treated with the e-beam. It is noteworthy that the thickness thinning (70 nm) is much more pronounced than the grain boundary broadening (20 nm). These changes in morphology provide evidence for a directional degradation process of the perovskites driven by the e-beam. Moreover, their luminescence properties alter correspondingly upon the structural changes by degradation. In particular, the emission spectral shifted from 767 to 755 nm, which agrees with previous findings observed in the e-beam-degraded region ( Figure S12 ), confirming the structural origin of the changes in luminescence properties by e-beam-driven degradation.
Interestingly, different structural changes were observed in ebeam-or light-driven degradation. The left-hand portion of Figure 2f , highlighted with a cyan box, was subjected to a scanning e-beam for 5 min to trigger the e-beam-driven degradation. The whole structure was then submitted to widefield laser illumination of 500 W/cm 2 , which caused rapid photodamages in the structure within several seconds ( Figure  2g ). The light-driven degradation resulted in structural decomposition and broke the perovskite structure into spatially scattered particles, as shown in Figure 2h . The e-beam degraded half on the left, however, showed little structural deformation by light.
The difference in morphology evolution caused by the ebeam or by light is a consequence of ion migrations in the material. In analogy with the report by Xiao et al. 9 in which directional ion migration was induced by applying an electrical voltage between two electrodes, an electric current along the transverse direction resulted from electrons that were accelerated and were injected toward the ITO side of the sample in our experiment. Ion migration driven by such an electric current will be mainly along the transversal direction. Ions of different charges can move either toward (CH 3 NH 3 + ) or away from (I − ) the top surface of the film that is exposed to e-beam in vacuum. For instance, upon intense injection of electrons, CH 3 NH 2 can form at the top surface and be quickly removed from the surface by the high vacuum. Therefore, thinning in film thickness can be more pronounced than broadening in grain boundaries. Iodide ions, on the other hand, can be driven toward the perovskite glass interface by the same electric current. It is worth noting that local stoichiometric variations in iodide content is recently found to influence PL and CL properties of perovskite films. 25 During this process, vacancies and defects are generated in the film. Hence, directional morphology changes and PL and CL property changes can be expected from the electric current transversely applied through perovskite films by the e-beam.
In contrast, without externally applied electric current, lightinduced internal charge generation and relocation result in random local charge currents that are only limited by defects, charge traps, and grain boundaries in the perovskite film. The random ion migration determines that degradation products, both CH 3 NH 2 and HI, can form and can be removed at all exposed surfaces including the top surface and the surface of grain boundaries. Therefore, photoinduced degradation in perovskites results mainly in a decreasing PL intensity. Moreover, the residues will be mainly limited by the crystal grains in the film so that randomly scattered particle-like residues can be observed (Figure 2h) . The correlation between the residue particle sizes and the grain size, however, requires further investigation. It is worth noting that the surfaces and interfaces play important roles during the material degradation, as readily shown by several studies. 11, 12 Hence, the degradation-induced changes in PL properties can be attributed to two factors. On the one hand, populated defects and vacancies are created in the perovskite during material degradation, leading to different charge carrier dynamics. 16 This is evident from the altered PL intensities and the shortened PL lifetimes by the e-beam-driven degradation ( Figure S13 ). On the other hand, the directional ion migration driven by the electric current transversely through the perovskite film can result in self-doping to form p−n junctions, 9,26 changes of chemical composition, 27 and thinning in dimensions, thus altering the band gaps. Furthermore, the observed increasing CL under e-beam scanning can be a direct consequence of degradation due to the enriched presence of PbI 2 , which shows brighter CL under identical conditions ( Figure S14 ). Our results provide unambiguous evidence for the extreme sensitivity of polycrystalline perovskite films to an e-beam, even under a moderate electric current of tens of picoamperes in a conventional SEM analysis. Furthermore, the observations above imply the important role that ion migrations may play in the photoelectric properties of perovskites and in their degradation process.
To further verify the essential role of ion migration, we applied the e-beam and laser beam simultaneously to unravel the competition between the two driving forces in perovskite degradation by varying the laser light intensity ( Figure S15 ). As one would expect, upon an excitation power density of 500 W/ cm 2 , e-beam-driven degradation dominated the structural change, leading to an almost static morphology in SEM images ( Figure S15c) . However, nanocrystals started to appear, grow, and vanish kinetically with time at a much stronger excitation power density of 4.2 kW/cm 2 ( Figure S15d−g ). Such a kinetic structural evolution on the perovskite surface is direct evidence of massive ion migration in the material (video S2). Moreover, the very different structural change observed under the strong light illumination suggests that light-driven ion migration overwhelms the one driven by the e-beam. Therefore, ion migration in perovskites plays an important role in e-beam-or light-driven degradation pathways and the corresponding changes in luminescence properties.
Moreover, we notice heterogeneities in perovskite degradation correlating with morphology in the simultaneous SEM and PL study. Figure 3 shows the in situ evolution of the morphology and PL of two perovskite cuboid clusters supported on an ITO-coated glass slide under moderate light (140 W/cm 2 ) and e-beam (86 pA, 10 kV) illumination. The SEM image and PL image at the beginning of the measurement are given in panels a and b of Figure 3 , respectively. The large cluster, outlined with red solid lines, initially showed spatially heterogeneous PL emission localized at regions of abundant grain boundaries. The small cluster, highlighted by a black circle, showed low PL. Over time, both clusters showed an immediate drop in PL intensity caused by the e-beam followed by a PL recovery to reach a maximum before the emission intensity further decreased in Figure 3c , resembling the observations on perovskite films. Their rates of PL increase and decrease during both subsequent phases, however, were very different from each other. The different rates of PL changes are strongly correlated to their degradation speed, evident from the simultaneous SEM and optical image timeseries in Figure 3d −l. The larger cluster showed much faster reshaping and degradation than the small cluster (video S3). Moreover, the emission sites also evolved spatially along with structural reorganizations in the large cluster. The small cluster, in contrast, showed slower PL and structural changes. Its dimensions shrank approximately 40 nm in each direction when its emission reached the maximum, shown in Figure  3m ,n.
The heterogeneous photo-and electrical stability found in perovskite cuboids is most likely due to differences in their photo-and electrical properties, which are determined by crystal size, defects, and crystallinity. 16, 28 The superior stability observed in the small cluster may benefit from better crystalline packing in single-crystalline particles. In contrast, the large cluster seems intergrow polycrystalline, which contains more defects and instable grain boundaries. The demonstrated influence of structure and photo-and electrical stability of perovskites give tantalizing clues as to the potential to improve the material's photo-and electrical stability by optimizing morphology and crystallinity.
During the revision of this work, Gradecǎk and co-workers reported similar observations on e-beam-induced correlating changes in CL, PL, and mass−thickness observed by scanning transmission electron microscopy (STEM). 25 By energydispersive spectroscopy (EDS), local stoichiometric variations due to e-beam-induced ion segregation were revealed. The PL and CL properties are found to correlate with local iodide content. 25 The heterogeneous PL, CL, and stoichiometric variations also imply heterogeneity in material stability of the same perovskite sample film under the same e-beam. 25 It is worth mentioning that the nanoampere e-beam currents and acceleration voltages (120 kV) 25 used in STEM are drastically different from those used in our study (10 kV and 86 pA).
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